The suprachiasmatic nucleus (SCN) of the hypothalamus has been termed the master circadian pacemaker of mammals. Recent discoveries of damped circadian oscillators in other tissues have led to the hypothesis that the SCN synchronizes and sustains daily rhythms in these tissues. We studied the effects of constant lighting (LL) and of SCN lesions on behavioral rhythmicity and Period 1 (Per1) gene activity in the SCN and olfactory bulb (OB). We found that LL had similar effects on cyclic locomotor and feeding behaviors and Per1 expression in the SCN but had no effect on rhythmic Period 1 expression in the OB. LL lengthened the period of locomotor and SCN rhythms by ϳ1.6 hr. After 2 weeks in LL, nearly 35% of rats lost behavioral rhythmicity. Of these, 90% showed no rhythm in Per1-driven expression in their SCN. Returning the animals to constant darkness rapidly restored their daily cycles of running wheel activity and gene expression in the SCN. In contrast, the OB remained rhythmic with no significant change in period, even when cultured from animals that had been behaviorally arrhythmic for 1 month. Similarly, we found that lesions of the SCN abolished circadian rhythms in behavior but not in the OB. Together, these results suggest that LL causes the SCN to lose circadian rhythmicity and its ability to coordinate daily locomotor and feeding rhythms. The SCN, however, is not required to sustain all rhythms because the OB continues to oscillate in vivo when the SCN is arrhythmic or ablated.
Introduction
The suprachiasmatic nucleus (SCN) of the hypothalamus has been termed the master circadian pacemaker in mammals (Reppert and Weaver, 2001) . Recently, however, other tissues have been found to also show endogenous circadian rhythmicity in transcriptional activity (Balsalobre et al., 2000b; Yamazaki et al., 2000; Balsalobre, 2002; Tosini and Fukuhara, 2002) or melatonin release (Tosini and Menaker, 1996) . This seems at odds with the findings that SCN lesions (SCNX) abolish circadian rhythms in behavior, endocrine function (cf. Lehman et al., 1991) , electrical activity in various brain areas (Inouye and Kawamura, 1979; Kubota et al., 1981) , and gene transcription in rats (Sakamoto et al., 1998; Akhtar et al., 2002) . These results have led to the hypothesis that the SCN synchronizes and sustains daily rhythms in these tissues (Balsalobre et al., 1998; Yamazaki et al., 2000) . A hierarchical model has been proposed in which the SCN may entrain rhythmicity in a variety of tissues (cf. Herzog and Tosini, 2001) . Little is known about the interactions within this multioscillator system. The connections appear to be relatively weak because rapid changes in the light or feeding schedule can alter the normal phase relationships between the SCN and these other oscillators for many days (Balsalobre et al., 2000a; Damiola et al., 2000; Yamazaki et al., 2000; Le Minh et al., 2001; Stokkan et al., 2001; Ohta et al., 2002) .
This study focuses on the effects of constant light (LL) and SCNX on the coordination of circadian timing in the SCN and the olfactory bulb (OB). Prolonged illumination has been shown to abolish circadian rhythms in a variety of organisms, including mammals (Winfree, 1974; Depres-Brummer et al., 1995; Power et al., 1995; Honma et al., 1996; Cambras et al., 1997; Ikeda et al., 2000) . We chose the OB primarily because of its robust rhythmicity in vitro and indirect evidence implicating it in circadian timekeeping. For example, removal of the bulbs lengthens the free-running periods of hamsters and mice (Possidente et al., 1990; Pieper and Lobocki, 1991) and slows photic reentrainment in male Octogon degus Lee, 1995, 1997; Lee and Labyak, 1997; Goel et al., 1998) . Polysynaptic projections from the OB to the SCN have been reported previously (Krout et al., 2002) , and olfactory stimulation can enhance light-induced phase shifts of locomotor activity and Fos expression in the SCN (Amir et al., 1999b) . Finally, there is evidence for circadian modulation of odor-evoked activity in the bulb (Amir et al., 1999a) .
We measured the effects of LL and SCN lesions on behavioral and Period 1 (Per1) gene activity in the SCN and OB. Per1 is one of approximately eight genes implicated in circadian rhythm generation (Allada et al., 2001) . We found that continuous bright light or SCN lesions can abolish daily rhythms in behaviors and in gene expression of the SCN but not of the OB, indicating that the SCN is not required for all 24 hr timekeeping functions in mammals.
Materials and Methods
Male, homozygous Per1-luc rats were individually housed at 3 weeks of age in a cage outfitted with a running wheel. Cages were placed in venti-lated chambers illuminated by fluorescent bulbs (3.9 ϫ 10 17 to 6.9 ϫ 10 18 photons ⅐ sec Ϫ1 ⅐ m 2 at the bottom of the cages; F30T12-SP41-RS, General Electric). Wheelrunning activity was recorded in 6 min bins (Clocklab; Actimetrics, Evanston, IL) until the animals were killed. Food consumption was measured every 3 hr by weighing food in the cage lid. All procedures were approved by the Animal Care and Use Committee and conformed to National Institutes of Health guidelines.
Real time Per1-luc measurement. Per1 gene activity was assessed by measuring bioluminescence from cultured tissues harvested from Per1-luc rats using methods similar to previous reports . After 2 weeks in a 12 hr light/dark (LD) cycle, control animals (n ϭ 5) were killed, and experimental animals were switched to constant light conditions (LL). Experimental animals were killed after 29 -32 d (n ϭ 12), 34 -48 d (n ϭ 11), or 50 -66 d (n ϭ 7) in LL or transferred back to constant darkness (DD) for 5 d, after which their SCN and OB were explanted and recorded (n ϭ 11 rats for behavior and 3 for physiology). The time of lights on in the animal colony was defined as Zeitgeber time 0 (ZT 0) and lights off as ZT 12. The time of projected locomotor activity onset in constant conditions (DD or LL) was defined as circadian time 12 (CT 12). Surgery was performed ϳ60 min before dusk or when the animals were in constant conditions, before projected onset of daily locomotor activity. For animals that were arrhythmic, we extrapolated from the last time they were clearly rhythmic to define the time of projected onset of activity (so that CT and time since surgery are synonymous in all figures).
Rats were anesthetized with CO 2 and decapitated, and their brains were rapidly removed and placed in cold HBSS (14060-057; Invitrogen, Gaithersburg, MD). Coronal sections (300-m-thick) were made with a vibratome. Brain regions were identified under a dissecting microscope (Paxinos and Watson, 1998) . The SCNs were isolated as a square of tissue, ϳ1.5 mm across with a pair of scalpels; the OB was cut 5.7-6.7 mm anterior to bregma. Tissues were placed on Millicell membranes (PICM0RG-50; Millipore, Bedford, MA) with 1.2 ml of DMEM (13000-021; Invitrogen) supplemented with 10 mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, and 0.1 mM beetle luciferin (E1601; Promega, Madison, WI). Each explant was sealed in a 35 mm Petri dish with a coverslip and vacuum grease and maintained at 36°C in darkness, and their bioluminescence was continuously monitored with a photomultiplier tube (HC135-11MOD; Hamamatsu, Shizouka, Japan) for 3-8 d.
SCN lesions. Locomotor activity was recorded for 5 d from rats in a 12 hr LD cycle. Rats were then anesthetized with ketamine (75 mg/kg) and medetomidine (0.5 mg/kg, i.p.) and placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). Bilateral SCNX (n ϭ 5) were made by passing an anodal direct current (1.25 mA, for 1 min) through a tungsten electrode (563410; A-M systems, Carlsborg, WA) placed 0.4 mm posterior to, Ϯ0.1 mm lateral to, and 8.7 mm below bregma (Paxinos and Watson, 1998) . Control animals (n ϭ 4) were treated identically but without passing current through the electrode. Wheel-running activity was then monitored in DD until animals were killed 2 weeks (n ϭ 2 sham and n ϭ 3 SCNX) or 3 weeks (n ϭ 2 sham and n ϭ 2 SCNX) after the lesion. The OB was harvested, and bioluminescence was recorded as described above. In two SCNX rats, the area around and including the lesion was also cultured to evaluate the potential for residual rhythmicity in the remaining tissue. SCN lesions were confirmed in the remaining three rats from Nissl-stained cryosections.
Data analysis. Bioluminescence data were detrended by subtracting the 24 hr running average from the raw data, and the phase of the first peak was determined as described previously . Period (range of 18 -32 hr) and arrhythmicity of bioluminescence, feeding, and locomotor activity were calculated at the 95% confidence level using 2 periodogram and fast Fourier transform-nonlinear least-squares fit analysis (Sokolove and Bushell, 1978; Herzog et al., 1997) . The two methods identified the same records as arrhythmic. Differences in period were analyzed by a one-way ANOVA, followed by Tukey's post hoc test. Periods are expressed as mean Ϯ SEM. We used the Rayleigh test to determine whether the distribution of phases within the different groups were significantly different from a uniform distribution at the 95% confidence level (Batschelet, 1981) .
Results

Constant illumination abolishes circadian rhythms in feeding and locomotion
We measured food consumption and running wheel activity from transgenic rats in which the mouse Period 1 promoter drives luciferase (Per1-luc) transcription (Yamazaki et al., 2000) . All rats (n ϭ 30) synchronized to a 12 hr LD cycle and then lengthened their running wheel rhythms during the first 2 weeks in LL (Fig.  1) . After 13 d in LL, 20 rats had a period of 25.6 Ϯ 0.06 hr, and 10 rats became arrhythmic. Food consumption, although statistically rhythmic in 78% of animals in LD, became arrhythmic in all animals tested after 2 weeks in LL (n ϭ 9).
The OB oscillate, whereas the SCN do not, in arrhythmic animals
We correlated behavioral patterns with Per1-luc expression in SCN and OB explants from animals killed after 5, 6, or 8 weeks in LL. The SCN of 90% of the arrhythmic animals showed no circadian rhythm (n ϭ 9 of 10) (Fig. 1) , whereas 95% of the SCN from behaviorally rhythmic rats were rhythmic (n ϭ 19 of 20). This strong correlation held, even after 50 d in LL when all animals that remained rhythmic had rhythmic SCN in vitro (n ϭ 3) and arrhythmic animals had arrhythmic SCN (n ϭ 4). In contrast, all animals tested, behaviorally rhythmic or not, had rhythmic OB (n ϭ 13) (Fig. 2) . Thus, constant light affects Per1 cycling in the SCN but not in the OB.
Prolonged exposure to light could compromise the health of SCN cells, stop their pacemaking, or desynchronize them from one another. To assess whether arrhythmic animals were capable of generating circadian rhythmicity, we switched them from LL to DD. Within 2 d, these rats expressed an average free-running period of 24.6 Ϯ 0.1 hr (n ϭ 11) (Fig. 2) , in agreement with previous reports (Depres-Brummer et al., 1995) . Restored behavioral rhythmicity correlated with restored Per1-luc rhythmicity in the SCN (periods were 24.4 Ϯ 0.2 hr; n ϭ 3) and continued rhythmicity in the OB (21.6 Ϯ 0.5 hr; n ϭ 3). Furthermore, arrhythmic SCN explants (n ϭ 5) reliably resumed rhythmicity after a 30 min pulse of 0.2 mM forskolin, an activator of adenylate cyclase. These results confirm that arrhythmic SCN were not in poor health and could rapidly resume rhythmicity when presented with an adequate stimulus. Thus, LL either stops the pacemaker, as suggested in Drosophila (Marrus et al., 1996) , or disrupts the coordinate timing of the pacemakers within the SCN, as suggested in hamsters (de la Iglesia et al., 2000).
The phase of OB and SCN oscillations can vary independently in vivo
Constant illumination gradually disrupted the phasing of SCN and OB rhythms, indicating a level of independence between the two structures in vivo. We showed previously that the phase of Per1-luc rhythmicity is similar in vivo and in vitro . SCN explants taken from LD rats peaked an average of 2.5 hr before OB explants (ZT 9.5 Ϯ 0.8 hr for SCN explants; ZT 12.0 Ϯ 0.5 hr for OB explants; mean Ϯ angular deviation; n ϭ 5 each) (Fig. 3a,b) in agreement with published results . LL broadened the distribution of phases so that, whereas OB cultures peaked at CT 10.7 Ϯ 2.4 hr (n ϭ 7) (Fig. 3d) , SCN cultures no longer peaked at a reliable time relative to the time of surgery or locomotor activity (n ϭ 7) (Fig. 3c) . Thus, LL abolished the phase relationship between the SCN and the OB in behaviorally rhythmic animals (Fig. 4) . In arrhythmic animals (Fig. 3f ) , OB cultures peaked at variable times, indicating that the oscillations in the OB were not induced by the explant preparation.
The OB continues to oscillate in SCN-lesioned animals To directly assess whether the SCN is required for sustained rhythmicity in the OB, we ablated the bilateral SCN. Destruction of the SCN abolished circadian rhythms of wheel-running activity in all rats (n ϭ 5) (Fig. 1p) , whereas sham-operated animals continued to express circadian rhythmicity with a free-running period of 24.4 Ϯ 0.1 hr (n ϭ 4). The OB from all of these animals remained rhythmic, even 3 weeks after the SCN was lesioned (Fig.  1q) , with average periods of 22.6 Ϯ 1 hr (SCNX) and 23.5 Ϯ 1.1 hr (sham). Similar to results from animals in LL, bioluminescence peaked at ZT 11.1 Ϯ 1.9 hr ( p ϭ 0.02; r ϭ 0.9; n ϭ 4; data not shown) in the OB of control rats but peaked at variable times in Figure 2 . The period of the SCN, but not the OB, depended on lighting conditions and change with the behavioral period. LL lengthened the period of locomotor activity (25.6 Ϯ 0.1 hr; mean Ϯ SEM) and of SCN bioluminescence rhythms (26.2 Ϯ 0.3 hr) by ϳ1.6 hr from LD entrained conditions. When animals were switched from LL to DD, locomotor activity (24.6 Ϯ 0.06 hr) and Per1-luc (24.4 Ϯ 0.17 hr) periods significantly shortened. In contrast, the period of the cultured OB did not significantly change after any of the illumination conditions (22.4 Ϯ 0.7 hr for LD; 22.8 Ϯ 1.6 hr for LL; 21.6 Ϯ 0.5 hr for DD after LL; comparison of LD vs LL vs DD locomotor activity, F (2,32) ϭ 132, p Ͻ 0.001; SCN Per1-luc activity, F (2,24) ϭ 7.07, p Ͻ 0.005; OB Per1-luc activity, F (2,12) ϭ 0.15, p ϭ 0.86; one-way ANOVA and Tukey's test). SCNX animals (n ϭ 5) (Fig. 3g) . The remaining tissue in the vicinity of the lesion failed to express Per1-driven rhythms (n ϭ 2), suggesting that the rhythmicity observed in the OB was not sustained by residual rhythmicity in the hypothalamus.
Discussion
We found previously that the OB and several other brain areas can sustain rhythmicity for a few days after explantation from rhythmic animals . The present results show that the OB is still rhythmic when explanted from animals that have been behaviorally arrhythmic for Ͼ1 month. Because lengthening or loss of periodicity in the SCN or ablation of the SCN had no apparent effect on the OB, we conclude that the OB can oscillate independently and does not require signals from the SCN for sustained rhythmicity. This near 22 hr oscillation is intrinsic to the mitral, not granule, cell layer, can persist in vitro for as long as 16 d (longest time tested), and is normally synchronized to the onset of locomotor activity (Granados-Fuentes et al., 2004) . It is not known whether the persistence of rhythmicity in the OB depends on signals from areas outside the SCN.
The dramatic effects of LL on Per1 gene expression in the SCN continue to support the conventional model that the SCN is the master circadian pacemaker driving daily rhythms in locomotor and feeding activity. In addition, the SCN likely regulates the phase of the OB rhythms in a light cycle because the phase of the OB reliably lags that of the SCN by 2.5 hr. We found, however, that LL disrupts the normal phase relationship between the SCN and the OB. This "internal desynchrony" is reminiscent of early experiments on humans that found that LL selectively alters the timing of different physiological rhythms and that were considered to reflect decoupling of multiple circadian tissues (Aschoff and Wever, 1976) . Rapid changes in feeding or lighting schedules, associated with jet lag, also dissociate the normal phase relationships between circadian tissues (Balsalobre et al., 2000a; Stokkan et al., 2001; Abe et al., 2002) . Together, these results indicate that the consequences of arrhythmicity in the SCN include behavioral arrhythmicity and free-running rhythms in the OB. Tissues, such the OB, appear to entrain to light cycles via relatively weak, rhythmic signals from the SCN.
The rhythms in the OB were unlikely to have been induced when the tissue was placed in vitro. If this were the case, we would expect the phase of OB rhythmicity to be determined by the time of surgery (which was always at the time predicted for locomotor activity onset). OB cultures, which reliably peak at approximately the time of locomotor activity onset when taken from animals in a light cycle, tend to peak ϳ1.3 hr earlier when taken from rhythmic animals in LL and show a random distribution of phases when taken from animals rendered arrhythmic by either LL or SCNX. In addition, the same surgery did not induce rhythmicity in the SCN when a forskolin pulse could. Thus, the first peak of the OB in vitro likely reflects the phase of Per1 rhythmicity in vivo, as has been shown previously for the SCN and pineal Wilsbacher et al., 2002) .
Remarkably, the effects of LL on the SCN in vivo appear to persist in vitro, as seen here in Per1 gene expression and as reported for multiunit firing rates (Mason, 1991) . Prolonged exposure to light may stop circadian timekeeping, as suggested in Drosophila in which LL accelerates the degradation of Timeless and Period proteins (Marrus et al., 1996) . Alternatively, LL may desynchronize multiple oscillators, as has been implicated in the splitting of locomotor behavior (cf. de la Iglesia et al., 2000) . The present results do not eliminate either of these possibilities because LL did not appear to induce changes in the level of Per1 expression or the number of peaks per day in the SCN. Future recordings of firing rate from individual SCN neurons could distinguish between the potential mechanisms by which LL abolishes rhythms in the SCN tissue. The phase relationship between SCN and OB explants was calculated by subtracting the time of the first peak in Per1-luc expression of the SCN from that of the OB. Positive values thus indicate when the rhythm in the SCN preceded that in the OB from the same animal. Constant light abolished the reliable lag from SCN to OB seen in LD. Lag was statistically grouped at 2.5 hr ( p ϭ 0.01; r ϭ 0.97) for LD, whereas the LL group was not grouped ( p ϭ 0.06; r ϭ 0.6).
